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ERRATA 

By Richard E. Kuhn and John W. Draper 
19% 

Page 9: The next to last equation in column 1 should be corrected to 
read as follows: 

Page 23, fig. 13: The equation in the figure legend should be corrected 
to read as follows: 

;= 
cmpE 

IIfl 3 
Tc ED 

The following typographical errors should also be corrected: 

Page 4, col. 1, line 1: "ressure" should be "pressure". 

Page 9, col. 2, line 3: "here" should be "where". 

NACA - Imgley Field, Va. 
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ItiVESTIGATI6N OF THE AERODYNAMIC CHARACTERISTICS OF A MODEL WING-PROPELLER 
COMBINATION AND OF THE WING AND PROPELLER SEPARATELY 

AT ANGLES OF ATTACK UP TO 90°t 

By RICHARD E. KUHN and JOHN W. DRAPER 

SUMMARY 

An investigation of the aerodynamic characteristics of a 
model wing-propeller combination, and of the wing and pro- 
peller separately at angles ?f attack up to 90”, has been con- 
ducted in the Langley 300 MPH 7- by IO-Joot tunnel. The 
tests covered thrust coeficients corresponding to *free-stream 
velocities from zero .forward speed to the normal range ?f cruis- 
ing speeds. The re,sults indicate that in.creasing the thrust 
coeficient increases the angle ?f attack -for ,maximum l<ft and 
greatly diminishes the usual reduction in lift above the angle ?f 
attack -for maximum lift. 

Predicted characteristics qf an assumed airplane designed 
.for vertical take-03 indicate that partial wing stalling would 
be encountered at certain attitudes but su.cient power was 
available -for JIight a.t any attitude. The Effects of slipstream 
on the variation ?f l(ft-curue slope with thrust coescient for 
this model could be satisfactorily estimated by means of a 
modiJied -form ?f a method -formulated by Smelt and Davies. 
The uariation of propeller normal force with angle of attack 
compared .favorably with calculated ua.lues. An appreciable 
direct pitching moment was -found to exist on the propellet 
itself at high angles ?f attack. This pitching moment was 
approximately doubled when the propeller was operated in 
the presence sf the wing and corresponded to a downward 
movement of the ej’ectiue center of thrust qf about 2’0 percent 
of the propeller radius. 

INTRODUCTION 

Numerous schemes have been suggested in an effort to 
design aircraft that would combine the take-off and landing 
characteristics of a helicopter with the high-speed potential 
of a conventional fixed-wing airplane. One of the proposed 
arrangements involves the use of large-diameter propellers 
as lifting rotors for the take-off and landing conditions. The 
cruising attitucle is achieved by rotation of the wing-propeller 
combination through approximately 90°, with the wing pro- 
viding the lift ancl the propellers (acting as conventional 
propellers) providing the thrust recluirecl for forward flight. 

i Suporscdes NACA Technical Sate 3304 by John IV. Dmlm snd Richard E. Iiuhn, 1954: 

Results are presented of experimental data obtained with 
a semispan wing immersed in the ‘slipstream of two large- 
diameter propellers, and a brief analysis of the application of 
the data to aircraft combining flight characteristics of the 
helicopter and conventional airplane. In addition, forces 
and moments measured on the propeller, when combined 
with the wing and when separated from the wing, are pre- 
sented for an angle-of-attack range up to 90’. 

SYMBOLS 

With a wing operating in the slipstream of a propeller, 
large forces and moments can be proclucccl even at very 
small free-stream velocities. Tn this condition, coefficients 
based on the free-stream dynamic pressure approach infinity 
and therefore become meaningless. It appears appropriate, 
thercforc, to base the coefficients on the dynamic pressure in 
the propeller slipstream. For the present investigation, the 
coefficients based on this principle arc indicated by the use 
of a cloublc prime and are dcfinecl in the list that follows. 
The positive direction of forces, moments, and angles is 
indicated in figure 1. 

Lift lift coefficient, ~ 
rlfW 
Lift lift coefficient ~ J (l”Sl2 - 

Cm” pitching-moment coefficient, 
Pitching moment 

q”cs/z 
c ‘I mP pitching-moment coefficient of propeller, 

Propeller pitching moment 
q”SC 

AC,n” increment of total model pitching moment due to 
propellers, calculated from the measured propeller 
data, 

GVpJ’ normal-force coefficient of propeller, 
Propeller normal force 

q”S 

1 
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27rnQ 
power coefficient, - pn3D5 

thrust coefficient, -r- pn2D4 

longitudinal-force coefficient, 
Longitudinal force 

(J”S/2 - 
T 

thrust coefficient, ~ 

q” i D2 
twice span of scmispan wing, ft; also, propeller blade 

chord, ft 
wing chord, ft 

mean aerodynamic chord, Z 
s 

b/2 

s 0 
c2dy, ft 

propeller diameter, ft 
diameter of the fully developed slipstream, ft 
diameter of slipstream at any point, ft 
propeller blade thickness, ft 

(Set appendix B.) 

number of propellers 
propeller rotational speed, rps 

2mQ 
propeller shaft power, 550p hp 

torque, f t-lb 
free-stream dynamic pressure, f pV, lb/sq ft 

slipstream dynamic pressure, ~+x, Ib/sq ft 
iDZ 

propeller tip radius, ft 
radius to propeller blade clement 
twice arca of scmispan wing, sq ft 
shaft thrust., per propeller, lb 
free-stream velocity, ft/scc 
velocity at ang point in slipstream, ft/scc 
increment of velocity in fully developed slipstream 

clue to thrust, ft/sec 
airplane weight, lb 
longitudinal distance from propeller disk, ft 
value of .I: terminating at, G/4 
spanmisc distance from wing root, it 
angle of attack relative to free-stream velocity, deg 
propeller blade angle, dcg 
propeller blade angle at 0.75 R, deg 

mrr 
propeller cfiicicnc>- -=m- ’ 27rn.Q 

static thrust efficiency, - 
T31’ 

_ 

angle of inclination of slipstream velocity, deg 
multiplication fact,or for increase of lift due to slip- 

stream 
mass density of air, slugs/cu ft 
angle of inclination of thrust axis wish respect to free 

’ stream, dcg 
Subscripts: 
0 zero angle of at tack 

1’ propcllc1 

APPARATUS AND METHODS 
MODEL 

A semispan wing model of a hypothetical four-engine 
airplane was used in this investigation. The wing had an 
aspect ratio of 4.55, a taper ratio of 0.714, and an NACA 
0015 airfoil section. A drawing of the model with pertinent 
dimensions is presented as figure 2 and a photograph of the 
model mounted for testing is shown as figure 3. The geo- 
metric characteristics of the model are given in the following 
table : 
Wing: 

Area (scmispan), sq ft.---------~~---..-.. -..~_. 5. 125 
Span (semispan), ft ________ ----- . . . .._ -~~------ 3. 416 
Meanaerodynamicchord,?, ft__- -..___ -...------ 1. 514 
Rootchord,ft.--.~-~--~-.----~.---.-----~~~~.. 1. 75 
Tip chord, ft .._........__... ---- .._.__. ~.------ 1. 25 
Airfoil section..- .____ -.~~----~~------..---~.~-- SACA 0015 
Aspectratio.~---~~~---~-----~..--------~~~.... 4. 55 
Taperratio__.--------------~~~.--..-..~~~...~..~ 0. 714 

Propellers: 
Diameter, ft .__.............. ~--- . .._.__ ~~------ 2. 0 
Diskarea,sqft-.- _......_. ~---- .._._ ---------. 3. 14 
r\‘acellediameter, ft . . . ~~----~~_-----------~- 0. 33 
Airfoilsection--~----..---~~ ..__......... ~~.~... Clark Y 

The wing was constructed on a steel spar, which served 
as the support for the two motor nacelles and for the mahog- 
any blocks which form the wing contour. The wing was 
also equipped with plain flaps that were locked and sealed 
in the neutral position for this investigation. 

The geometric characteristics of the three-blade aluminum- 
alloy propellers are given in figure 4. The propellers were 
driven by variable-frequency electric motors rated at 20 
horsepower at 18,000 rpm. The motors were operated in 
parallel from one variable-frequent)- power supply. 

The propeller diameter was too large to permit use of the 
high design rotational speed of the motors. During the 
tests, the rotational speed seldom exceeded 6,000 rpm or a 
propeller tip Mach number of 0.58. The speed of each 
motor was determinecl b\- observing a stroboscopic t\-pe of 
indicator, to which was fed the output frequency of a small 
alternator connected to the motor shaft. Because both 
motors were driven from a common power supply, their 
speeds were usually matched within 10 rpm. 

The motors mere mounted inside aluminum-alloy nacelles 
by means of strain-gage beams in order to measure the thrust, 
torque, normal force, and pitching moment of the propeller 
and spinner. A photograph of this installation is shown as 
figure 5. 

TESTS 

The investigation was conclucted in the Langley 300 
MPH 7- by IO-foot tunnel. The tests were made at various 
free-stream dynamic pressures and propeller thrusts so 
selected as to maint,ain a const’ant dynamic pressure of 8 
pounds per square foot in the slipstream. Const,ant thrust 
on the inboard propeller was maint,ained by varying the 
motor speed throughout t#he angle-of-attack range of -10’ 
to 9o”. All data presented were obtained with the out#boarcl 
propeller rotating in a clockwise direction and t.he inboard 
propeller rotatin, o* counterclockmisc as viewed from behind 
the propeller. Also, t#he thrust determined from a given 
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thrust coefficient a,t (Y=OO was held constant throughout the 
angle-of-attack range. The blade angle on the outboard 
propeller was adjusted slightly ( % 0. lo or less) so as to develop 
the same thrust on this propeller as on the inboard propeller 
at zero angle of attack. During the tests, the thrust on t.he 
two propellers was matched within 0.25 pound for all condi- 
tions except for angles of attack above 60“ at a thrust 
coefficient of 0.91. For higher angles of attack, the thrust on 
the outboard propeller exceeded that desired by as much as 
4 pounds. The variations of thrust, dynamic pressure, 
velocities, and propeller blade angle with thrust coefficient 
(for each propeller) are tabulated as follows: 

The Reynolds number in the slipstream basccl on the mean 
aerodynamic chord of 1.514 feet was 0.8X 106. 

The normal force, pitching moment, thrust, and torque 
were measured for each propeller at a point of intersection of 
the shaft center line and the blade axis. The pitching 
moment, lift, and drag of the complete wing-propeller con- 
figuration were measured at the quarter-chord point of the 
mean aerodynamic chord of the wing. It is emphasized that 
the wing-propeller data presented herein include the direct 
propeller forces as well as the forces on the wine. 

The propeller-alone tests were made by mounting the 
propeller-naccblle assembly on a. 3-inch-diameter sting, which 
was supported from the tunnel ceiling by a 3-inch t,ubc 
located 3 feet behind t.he propeller disk. The mounting was 
such that the propeller remained in tlic center of the tunnel 
throughout the angle-of-attack range. 

The static-thrust calibrat,ion of the propeller was made in a 
large room (18 ft by 42 ft, by 10 ft) in order to minimize wall 
effects. 

CORRECTIONS 

The data presented have been corrected in the following 
manner. Approximate corrections for the effect of the tunnel 
walls on the velocity in the tunnel and in the slipstream were 
derived and are presented in appendix A. The derivation is 
based on the simple momentum theory and assumes the 
slipstream to be parallel to t.he free stream. For this condi- 
tion these corrections are small. The applicability of the 
corrections thus derived for conditions approaching the static 
thrust and for the high angles of attack may be questionable; 
however, deviations are assumed to be relatively small and 
corrections to be fairly accurat,e for most of the test condi- 
tions. 

The jet-boundary corrections applied to the angle of 
attack and longitudinal force were estimated by the method 
of reference 1. For a given model size, these corrections 
depend on the circulation about the wing; therefore, the 
corrections for a particular angle of attai& with slipstream 
have been based on the lift of the Ring at that angle of 

attack without slipstream. The following relationships 
were used: 

a=a,,,ured+0.5 +i (CL>T,“=O 

Cx”=Cx”m..sul.d-O.008 $, [G)T~“=o]~ 

The correction to pitching-moment coefficient was estimated 
and found to be negligible. 

Blockage corrections have not been applied to the data. 
These corrections were estimated by the method of refer- 
ence 2 and, with the exception of the wake blockage correc- 
tion which would become appreciable at the higher angles 
of attack, the blockage corrections were found to be small. 
The data can be corrected for the effects of wake blockage 
at the higher angles of attack by a method derived ‘from 
reference 2, which can be written in the notation of the 
present report as follows: 

REDUCTION OF DATA 

The t,ype of flight opcrat,ion for which the data of this 
investigation would bc useful is one in which t,he wing- 
propeller combination is rotated as a unit. An example of 
this configuration is illustrated in figure 6. For this type 
of operation, the forward speed may drop to zero so that 
force and moment coefficients based on the free-stream 
velocity approach infinity and therefore become meaning- 
less. For the condition in which the wing is largely immersed 
in tbc slipstream of a propeller, the forces on the wing would 
be cxpect,cd to bc largely detcrmincd by the dynamic prcs- 
sure in tlrc slipstream. It appears reasonable, therefore, to 
base the cocfficicnts 011 the dynamic pressure in the slipstream. 

For this investigation, the dynamic pressure in the slip- 
stream is assumed to bc related to the measured thrust by 
the following momentum-t#hcory equations: 

T=uL~AV,,=~~ D2 (V+q) aVo 

where m, is the mass flow through the propeller and AV” is 
the increment of slipstream velocity clue to thrust at zero 
angle of attack. Rearranging terms gives 

=o 

Solving by the quadratic equation yields 

AV,=-V& 

J 

v2+2 T 
p%D2 

This equation may be expressed in terms of the dynamic 
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ressure as 
T 

p”O= a+,- 
JD2 

The above relationships have been derived for the condi- 
tlon of zero angle of attack of the model. The dynamic 
pressure in the slipstream would be expected to be a func- 
tion of angle of attack; however, to include these effects 
would needlessly complicate the presentation. 

For t.hc purpose of presenting coefficients, therefore, the 
dynamic prcssurc in the slipstream can be defined as 

and the thrust cocfficicnt as 

or 

T,” T (2) 
i D’p+T 

a so 1 
$=(&f&J’=+T,” (3) 

(r+~o)=,m (4) 

For convenience, some values of the most used terms in- 
volving T,” have been tabulated in table I. 

RESULTS AND DISCUSSION 

BASIC DATA 

Propeller characteristics--The efFicicnc>- curVW for the 
outboard propeller tested alone at various blade angles arc 
presented in figllre 7. The masimum cflicicncy reached 
(about 0.77) wa.s obtained with a blade angle of 20°, the 
highest tcstcd. 

In order to minimize the time required, the operating con- 
ditions were c.hoscn so that onl?- two propeller blade-angle 
settings were requirrd. A value of P.7sn of 8’ was found t.o be 
satisfactory for thrust coefficients of 0.91, 0.71, and 0.50 and 
@,i;7R of 20’ for a thrust coefficient of 0.20. 

The choice of hladr angle for WC at, zero forward speed 
(vertical take-ofl’ or landing) cannot bc made, however, on 
the basis of the cffi&ncics presented in the curves of figure 7. 
For this purpose, an rficiency fartor based on tht ability of 
the propeller to produce static thrust must bc used. The 
static-thrust efficiency can be writt.en in a manner analogous 
t,o the figure of merit of rotors: 

T!!! 
2 

Of’- 55OP 
which ca.n be reduced to 

0 

:; 

:"4 

1: 

:8' 

32 
.94 
.96 

1:P 

-- 
1 - T.” 

1 
:2 
:Z .50 
2: .20 
:A: 
.06 
.04 ^. 02 

1 
,949 
,894 
,837 
::a: 
,632 
,548 
:K 
,283 
:%? 

0 
-. 051 
-. 106 
-. 163 
-. 226 
--.293 
-. 368 
--.452 
-. 553 
-. 694 
-. 717 
-. i55 
-. 800 ^_^ I 141 I -.ta’J 

0 0’ -1.m 

TABLE I 

FUNCTIONS OF T,” 

,h - T,“-1 
/ 

1+.,/1-T,” 

2 
1.949 
1.894 
1.837 
1.774 
1.707 
1.632 
1.545 
1.447 
1.316 
1.263 
1.245 
1.200 
1.141 
1.000 

The maximum static-thrust efficiency of 0.7 shown in figure 
7 (diamond symbol) was obtained with a blade angle of 8”. 
With the propeller disks overlapped, the static-thrust effi- 
ciency was reduced to 0.65 as indicated in figure 8. A corre- 
sponding reduction in efficiency at forward speeds is indi- 
cated in figure 8. This loss in static-thrust eRicicncy with 
the propeller disks overlapped does not necessarily mean 
t,hat overlapping is undesirable, however, because, for an 
airplane of a given size and with a given number of propellers, 
overlapping permits the use of larger diameter propellers, 
which can result in an incareasc in static thrust. for a given 
horsepower, even though the efficiency is reduced somewhat 
by overlapping. 

The variations of the propeller thrust coefficient C, and 
power coefficient Cp with angle of attack are presented in 
figure 9. It shoulcl be remembered when use is made of 
these data that the thrust was held constant throughout. the 
angle-of-attacli range ancl the rotational speecl and power 
were allowed to decrease with increasing angle of attack. In 
general, the data for the isolated propeller show somewhat 
lower values of CIT and C, than the data, for the propeller 01 
propellers operating in the presence of the wing. The biggest 
differences, however, occur under conditions that are not 
likely to be of practical interest (high forward speed (T,“=O.2) 
at high angles of attack). The corresponding variations of 
v cos a ~ are presented in figure 10. nD The power required for a 

constant, thrust condition through the angle-of-attack range 
is presented in figure 11. In general, the power decreased as 
the angle of attack increased. 

The normal-force and pitching-moment coefficients of the. 
outboard propeller are presented in figure 12. Similar data 
for the inboard propeller are not presented because of difi- 
culties experienced with the instrumentation for the inboard 
propeller that resulted in excessive scatter arid large shifts 
in the zero readings. The general trend of the data, however, 
was similar to that for the outboard propeller. The problems 
of obtaining reliable data were considerably increased be- 
cause the strain-gage beams, which measured the normal 
force and pitching-moment loads, were also required to sup- 
port, the relat,ively heavy motor and carr- the high thrust 
and torque loacls. 

Also presented in figure 12 are the tdleoretical variations of 
normal force obtained by the method of reference 3. ThC 
t’lieoretical variation of propeller normal force with angle of 

- 
1 

-- 

- 

0 
,051 
106 

,163 
226 

.293 
365 

,452 
553 

: 654 
: 2 
,800 
,859 

1.000 
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a tta c k  o f re fe re n c e  3  i s  i n te n d e d  to  b e  a p p l i c a b l e  o n l y  a t W i n g  c h a ra c te ri s ti c s .-F i g u re  1 6  p re s e n ts  th e  v a ri a ti o n  
a n g l e s  o f a tta c k  n e a r z e ro . T h e  a d d i ti o n a l  fa c to rs  w h i c h  w i th  a n g l e  o f a tta c k  a n d  th ru s t c o e ffi c i e n t o f th e  l i ft c o - 
c o n tri b u te  to  th e  n o rm a l  fo rc e  a t h i g h  a n g l e s  o f a tta c k  c a n - e ffi c i e n t b a s e d  o n  th e  d y n a m i c  p re s s u re  i n  th e  fre e  s tre a m . 
n o t re a d i l y  b e  i n c l u d e d  i n  th e  th e o re ti c a l  tre a tm e n t. It i s  E ’i g u re  1 7  (a ) p re s e n ts  th e  s a m e  d a ta  b a s e d  o n  th e  d y n a m i c  
i n te re s ti n g  to  n o te , h o w e v e r, th a t, fo r th e  c o n fi g u ra ti o n  o f p re s s u re  i n  th e  s l i p s tre a m . T h e  l i ft v a ri a ti o n  fo r a  th ru s t 
th i s  i n v e s ti g a ti o n , c a l c u l a ti o n s  o f th e  n o rm a l -fo rc e  c o e ffi c i e n t c o e ffi c i e n t o f 1 .0  (d a s h e d  l i n e  o f fi g . 1 7 ) c a n n o t b e  p re s e n te d  
u s i n g  th e  q -fa c to r (w h i c h  a c c o u n ts  fo r th e  i n fl o w  to  th e  p ro - i n  fi g u re  1 6  b e c a u s e , i f th e  fre e -s tre a m  d y n a m i c  p re s s u re  w e re  
p e l l e r) b a s e d  o n  th e  c o m p o n e n t o f th ru s t i n  th e  fre e -s tre a m  u s e d  to  o b ta i n  th e  c o e ffi c i e n t, th e  l i ft c o e ffi c i e n t a t a l l  a n g l e s  o f 
d i re c ti o n  ra th e r th a n  i n  th e  th ru s t d i re c ti o n , a s  a s s u m e d  i n  a tta c k  w o u l d  b e  i n fi n i te . T h e  d i s a d v a n ta g e  o f b a s i n g  th e  
re fe re n c e  3 , s h o w  re l a ti v e l y  g o o d  a g re e m e n t w i th  th e  m e a s -’ c o e ffi c i e n ts  o n  th e  fre e -s tre a m  d y n a m i c  p re s s u re  i s  th u s  
u re d  d a ta . re a d i l y  a p p a re n t. 

T h e  o p e ra ti o n  o f b o th  p ro p e l l e rs  i n  th e  p re s e n c e  o f th e  
w i n g  i s  s e e n  a l m o s t to  d o u b l e  th e  p i tc h i n g  m o m e n t o f th e  
o u tb o a rd  p ro p e l l e r a s  c o m p a re d  w i th  th a t o f th e  p ro p e l l e r 
a l o n e . .T h i s  m a g n i tu d e  o f i n c re a s e  c a n n o t b e  a ttri b u te d  to  
a n  i n c re a s e  i n  w i n g -i n d u c e d  u p w a s h  a t th e  p ro p e l l e r d i s k , 
b e c a u s e  s u c h  a n  i n c re a s e  s h o u l d  p ro d u c e  c o rre s p o n d i n g  i n - 
c re a s e s  i n  p ro p e l l e r n o rm a l  fo rc e . It i s  p ro b a b l e  th a t th e s e  
i n c re a s e s  i n  p i tc h i n g  m o m e n t a re  d u e  to  a  c h a n g e  i n  th e  
v e l o c i ty  th ro u g h  th e  u p p e r a n d  l o w e r p o rti o n s  o f th e  p ro p e l l e r 
d i s k  (a s  re fe re n c e d  t,o  th e  w i n g -c h o rd  p l a n e ). A n  i n c re a s e  i n  
v e l o c i ty  o v e r th e  w i n g  (u p p e r p a rt o f th e  p ro p e l l e r d i s k ) 
1 v o u l tl  te n d  t,o  d e c rc n s e  th e  th ru s t fro m  th e  to p  p a rt o f tl l c  
d i s k . C o n v e rs e l y , a  d c c rc a s e  i n  v e l o c i ty  th ro u g h  tl l c  l o w c l  
h a l f w o u l d  i n c re a s e  th e  th ru s t o f th i s  p a rt o f t;l e  p ro p e l l e r; 
th u s  a n  i n c re a s e  w o u l d  o c c u r i n  th e  n o s e -u p  p i tc h i n g  m o m e n t 
o f th e  p ro p e l l e r w i th  i n c re a s i n g  a n g l e  o f a tta c k . 

In c re a s i n g  th e  th ru s t c o e ffi c i e n t, w i th  e i th e r o n e  p ro p e l l e r 
(fi g . 1 8 ) o r tw o  p ro p e l l e rs  (fi g . 1 7 ), re s u l ts  i n  a n  i n c re a s e  i n  
th e  a n g l e  o f a ttti c k  a t w h i c h  m a x i m u m  l i ft i s  re a c h e d  a n d  a  
m o re  g ra d u a l  v a ri a ti o n  o f th e  l i ft w i th  a n g l e  o f a tta c k  a b o v e  
m a x i m u m  l i ft. It s h o u l d  b e  re m e m b e re d  th a t th e s e  re s u l ts  
a re  fo r c o n s ta n t th ru s t th ro u g h o u t th e  a n g l e -o f-a tta c k  ra n g e . 
If th e  p o w e r w e re  h e l d  c o n s ta n t a s  th e  a n g l e  o f a tta c k  w a s  
i n c re a s e d , th e  th ru s t w o u l d  i n c re a s e  w i th  a n g l e  o f a tta c k  a n c l  
a n  e v e n  m o re  g ra d u a l  v a ri a ti o n  o f l i ft a b o v e  m a x i m u m  l i ft 
w o u l d  b e  i n d i c a te d . 

T h e  p ro p e l l e r p i tc h i n g rn o m e n t c a n  b e  re g a rd e d  a s  b e i n g  c l u e  
to  th e  fa c t th a t th ru s t o f th e  p ro p e l l e r i s  a p p l i e c l  a t s o m e  d i s - 
ta n c e  fro m  th e  c e n te r o f ro ta ti o n . T h e  e ffe c ti v e  ra c l i a l  l o - 
c a ti o n  o f th e  th ru s t v e c to r i s  p re s e n te d  i n  fi g u re  1 3  a n d  w a s  
d c tc rm i n e d  fro m  th e  p i tc h i n g -m o m e n t d a ta  o f fi g u re  1 2  b y  
th e  fo l l o w i n g  re l a ti o n  

T h e  d a ta  a t T ,"= O  (fi g s . 1 7  a n d  1 8 ) w e re  o b ta i n e d  w i th  th e  
p ro p e l l e rs  re m o v e d . D a ta  a re  c o m p a re d  i n  fi g u re  1 9  fo l  
c o n d i ti o n s  o f p ro p e l l e r re m o v c tl , o f z e ro  th ru s t w i th  th e  p ro - 
p e l l e r o n , a n d  o f p ro p e l l e r w i n d m i l l i n g . R e m o v i n g  th e  p ro - 
p e l l e r re s u l ts  i n  a  s m a l l  re d u c ti o n  i n  l i ft i n  th e  re g i o n  o f m a x i - 
m u m  l i ft,. A s  w o u l c l  b e  e x p e c te d  fro m  th e  p ro p e l l e r d a ta  
d i s c u s s e d  p re v i o u s l y , re m o v i n g  th e  p ro p e l l e rs  a p p re c i a b l y  
d e c re a s e s  th e  u n s ta b l e  v a ri a ti o n  o f p i tc h i n g  m o m e n t w i th  
a n g l e  o f a tta c k  a t th e  l o w  a n g l e s  o f a tta c k . T h e s e  e ffe c ts  
s h o u l d  b e  k e p t i n  m i n d  w h e n  th e  p ro p e l l e r-o f? ’ p i tc h i n g - 
m o m e n t c l a ta  o f fi g u re s  1 7  a n d  1 8  a re  u s e d . 

T h e  d a ta  o f fi g u re  2 0  i n d i c a te , a s  m i g h t b e  e x p e c te d , th a t 
th e  n a rc l l rs  d i s tu rb  th e  fl o w  o v e r th e  w i n g  s o  th a t th e  w i n g  
w i th  n a c e l l e s  s ta l l s  a t a  l o w e r a n g l e  o f a tta c k  a n d  l o w e r l i ft 
c o e ffi c i e n t th a n  th e  w i n g  a l o n e . A s  w o u l d  b e  e x p e c te d , th e  
n a c e l l e s  a l s o  c a u s e  a  m a rk e d  d e c re a s e  i n  th e  s ta ti c  l o n g i - 

F o r th e  m o s t e x tre m e  c o n d i ti o n , th e  e ffe c ti v e  l o c a ti o n  o f 
th e  th ru s t v e c to r i s  s e e n  to  m o v e  d o w n w a rc l  m o re  th a n  2 0  
p e rc e n t o f th e  p ro p e l l e r ra d i u s . (Se e  s k e tc h , fi g . 1 3 ). 

T h e  s i g n i fi c a n c e  o f th e s e  p ro p e l l e r p i tc h i n g  m o m e n ts  c a n  
b e  j u c l g e c l  fro m  fi g u re  1 4 , w h i c h  p re s e n ts  th e  to ta l  c o n tri b u - 
ti o n  o f b o th  p ro p e l l e rs  to  th e  to ta l  m o d e l  p i tc h i n g  m o m e n t. 
B e c a u s e  th e  d a ta  o n  th e  i n b o a rd  p ro p e l l e r w a s  u n re l i a b l e , 
th e  d a ta  o b ta i n e d  fo r th e  o u tb o a rd  p ro p e l l e r w a s  u s e d  fo r 
b o th  th e  i n b o a rc l  a n d  th e  o u tb o a rd  p ro p e l l e rs  i n  th e  s u m m a - 
ti o n  re p re s e n te d  b y  A C m ”. T h e  c a l c u l a te c l  v a ri a ti o n  w a s  
o b ta i n e d  b y  u s i n g  th e  c a l c u l a te d  v a l u e s  o f n o rm a l -fo rc e  
c o e ffi c i e n ts  (fi g . 1 2 ) a n d  l e tti n g  th e  p i tc h i n g -m o m e n t c o - 
e ffi c i e n t b e  z e ro . It c a n  b e  s e e n  th a t th e  u s u a l  p ro c e d u re  o f 
b a s i n g  th e  p ro p e l l e r c o n tri b u ti o n  o n l y  o n  th e  p ro p e l l e r n o r- 
m a l  fo rc e  a c c o u n ts  fo r l e s s  th a n  h a l f o f th e  to ta l  c o n tri b u ti o n  
fo r th i s  c o n fi g u ra ti o n  a t th e s e  th ru s t c o e ffi c i e n ts . A c l d i ti o n a l  
d a ta  o n  th e  n o rm a l  fo rc e  a n d  p i tc h i n g  m o m e n ts  o f i s o l a te c l  
p ro p e l l e rs  a re  p re s e n te d  i n  re fe re n c e s  4  a n d  5 . 

T h e  c o n tri b u ti o n s  o f th e  s p i n n e r (w h e n  n o t ro ta ti n g ) to  
th e  p ro p e l l e r n o rm a l  fo rc e  a n d  p i tc h i n g  m o m e n t a re  p re s e n te d  
i n  fi g u re  1 5 . 

tu c l i n a l  s ta b i l i ty  
(  

,C ,” i n c re a s e  i n  b a r 
>  

b e l o w  th e  s ta l l . 

T h e  d e s ta b i l i z i n g  e ffe c ts  o f th e  p ro p e l l e rs  a n d  n a c e l l e s  a t 
z e ro  a n g l e  o f a tta c k  a re  s u m m a ri z e d  i n  fi g u re  2 1 . T h e s e  
d a ta  s h o w  th a t, n e a r z e ro  a n g l e  o f a tta c k , th e re  i s  o n l y  a  s m a l l  

a c  Ir 
v a ri a ti o n  o f s ta b i l i ty , a s  i n d i c a te d  b y  th e  c u rv e  o f +  

‘L  
a g a i n s t th ru s t c o e ffi c i e n t. 

E s ti m a ti o n  o f th e  l i ft-c u rv e  s l o p e .--R e fe re n c e  6  p re s e n ts  
re l a ti o n s h i p s  fo r e s ti m a ti n g  th e  i n c re a s e  o f l i ft d u e  to  a  
s l i p s tre a m  fl o w i n g  o v e r th e  w i n g . R e a rra n g i n g  th e  re l a ti o n - 
s h i p  to  p ro v i d e  a n  e s p re s s i o n  fo r th e  l i ft-c u rv e  s l o p e  o f th e  
w i n g  w i th  s l i p s tre a m  a n d  u s i n g  th e  n o ta ti o n  o f th e  p re s e n t 
re p o rt g i v e s  th e  fo l l o w i n g  e q u a ti o n : 

(1 -T ;' )  {  l + $  (F -1 ) 

@ ) 
F o r th e  p re s e n t c o n fi g u ra ti o n , X  c a n  b e  ta k e n  a s  1 .0  (re f. S),  
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is obtained from equation (B5) of appendix B, 

8 8 -=- 
c-t 4 

is obtained from equation (B7) of appendix B, and 

Oaf3 3% ( >( (acL,L),/.~, =’ > 
The lift-curve slope can be expressed as 

M I?,” bCL -= __ aff ( > act Tc,,=o(l-Tc ) 1+- ” [ ~(;;g)u+li,] 
(6) 

where dl can be obtained from equation (B4) of appendix B. 
Calculation of the lift-curve slope by this equation under- 
estimates the measured lift-curve slope (fig. 22). 

If it is assumed that the inclination of the slipstream is 

7 equation (5) reduces to 

(7) 
and much better agreement with the experimental data is 
obtained (fig. 22). This equation, in effect, is based on the 
assumption that the circulation around the wing is un- 
changed by the presence of the slipstream and the increase 
in lift is directly proportional to the increase in velocity 
across the circulation. 

If it is further assumed that the wing is far enough behind 
the propeller so that the full slipstream velocity is developed 
(K= 1) and that the wing is fully immersed in the slipstream 

9 the equation reduces to the simple form 

T,"=O 
(8) 

According to equation 7, the fact that the lift-curvt slope 
obtained for the configuration with two propellers is higher 
than that obtained for the configuration with one propeller 
is primarily clue to t.he greater percent,age of wing area that 
is immersed in the slipst,ream. 

PERFORMANCE ESTIMATES 

The proceclure outlined in appendix C was used to esti- 
mate the performance of a hypothetical four-propeller air- 
plane as it traversed the regime of flight represented in 
figure 6. The hypothetical airplane was assumed to have 
linear climensions 6 times those of the model. Calculations 
were made for standard sra-level conclitions, and the fuselage 
and other parts of the airplane not represented by the model 
were assumecl to have a drag coefficient of 0.01. 

The variation of the thrust coefficient required ancl the 
forward velocity reached in constant-altitude transition, as 
the wing attitude is lowered from 90’ for take-off to convcn- 
tional flight attitude, is shown in figure 23. The corre- 
sponding variation of thrust power requirecl with forward 
velocity for an assumed wing loading of 40 pounds per square 
foot is shown in figure 24. The thrust power required is seen 
to decrease quite rapidly in the low speed range. The mini- 
mum thrust power required occurs in the normal flight 
range at a speed of 160 mph and a wing attitude of 8.5’. It 

will be noted that (with the assumption that ~=0.75 at 
high speed and $‘=0.65 for static-thrust-take-off), if this 
airplane were designed for a high speed of the order of 350 
to 400 mph, sufficient power would be available for vertical 
take-off with the 12-foot-diameter propellers represented by 
the ones used on this model. 

The untrimmed pitching moment and corresponding eff ec- 

tive aerodynamic-center location, as indicated by g for 

the conditions of this analysis, are indicated in figute 25. 
No allowance for the effects of trimming these moments was 
made in this analysis. These data are based on the assump- 
tion that the center of gravity of the airplane is located at 
the pivot axis of the wing and that this axis is located at the 
quarter-chord point of the mean aerodynamic chord. Fig- 
ure 25 (c) indicates that a more forward location of the pivot 
axis would be desirable in reducing the out-of-trim moments. 
Figure 25 (a) indicates that, for the present configuration, a 
full-span, 30-percent-chord trailing-edge flap (ref. 7) would 
be ineffective in balancing the airplane. The complete loss 
in effectiveness in the angle-of-attack range from 56“ to 77’ 
inclica.tes that the wing is partially stalled in this angle-of- 
at tack range. Results of an unpublished investigation indi- 
cate that, with the propellers placed much closer to the 
wing, this reduction in control cffectivencss may be greatly 
reduced. 

CONCLUSIONS 
An invest,igation of the aerodynamic characteristics of a 

wing-propeller combination and of the wing and propeller 
separately at angles of attack up t,o 90° indicates the follow- 
ing conclusions : 

1. Increasing the thrust coefficient increased the angle of 
attack for maximum lift coefficient and greatly diminished 
the reduction of lift coefficients above the angle of attack for 
maximum lift. Analysis of the operation of a hypothetical 
airplane designed for vertical take-off indicated that partial 
wing stalling probably would bc encounterecl in certain 
flight attitucles but sufficient power would bc available for 
flights at any attitude. 

2. The effects of slipstream on the variation of the lift- 
curve slope with thrust coefficient would be satisfactori1.y 
estimatecl for this model by means of a modified form of a 
method formulated by Smelt and Davies. 

3. The variation of propeller normal force with angle of 
attack compared favorably with calculatccl values. There 
was also an appreciable direct pitching moment on the pro- 
peller itself. This pitching moment was approximate1.v 
doubled when the propeller was operated in the presence of 
the wing and corresponded to a downward movcmcnt of the 
effective center of thrust of approximately 20 percent of the 
propeller radius. 

4. Calculations for a hypothetical airplane, with a wing 
loading of 40 pouncls per square foot and the reIationsliip 
of the total propeller disk area to wing area represented by 
this model, inclicatc that airplanes designed for a high speed 
range of 350 to 400 mph will have sufficient power available 
for vertical take-off. 
LANGLEY AERONAUTICAL LABOR~ITORY, 

N.~TION.~L ADVISORY COMMITTEE FOR AERON..\ITTICS, 
LANGLEY FIELD, VA., August 13, 1954. 



APPENDIX A 
TUNNEL-WALL CORRECTIONS 

In order to correct the wind-tunnel data for tunnel-wall 
effects the following relations for velocities were obtained in 
a manner similar to that presented in reference 8. The 
symbols that are used in this appendix and which have not 
been defined previously are defined as follows: 

A propeller disk area, % D2, sq ft 

c tunnel cross-sectional area, sq ft 
s slipst.ream cross-sectional area, sq ft 
P static pressure lb/sq ft 
V local velocity, ft/sec 
Kl ratio of free-stream velocity to slipstream velocity, 

VO 
E 

Subscripts : 
0 far ahead of propeller disk 
1 in tunnel at propeller disk but outside of slipstream 
2 in tunnel far behind propcllcr disk but outside of 

slipstream 
3 in slipstream far behind propeller disk 
4 immediately behind propeller disk 
5 immediat.ely ahead of propeller disk 
X at au)- station 
The following sketch shows the relative location of the sta- 
tions at which the vclocitics, pressures, and areas used in the 
followiug equations wcrc ohtaiuccl : 

Tunnel walls 

The relationships of pressure and velocity as determined by 
Bernoulli’s equation for a station in front of the propeller, 
behind the propeller disk, and outside the slipstream tube 
are as follows: 
Ahead of propeller: 

1 1 
PO+2 PVo2=P3+2 PV42 (Al) 

Behind propeller: 

214+;pVpP=l)3+; PVs2 

Outside of propeller: 

PO+; pvo2=p2+; PVZ” 

WY 

(A3) 

379510-56-2 

Also, assume 
p3=pz (A4) 

Solving for ipVhz in equations (Al) and (A2) and equating 
gives 

Po-P3f;Pvo2=P3-P4S;PV32 (A5) 

Also, 

pl-p5=Ap=; L46) 

Solving for p,--p, in equation (As) and substitution in equa- 
tion (A6) gives 

;=p,-PO+; Pv32-$Pvo2 cA7) 

and, from equations (A3) and (A4), 

Then, from equations (A7) and (A8), 

z=g (V3"-V2') 

By definition, 
yyT 

;AV3' 

and from equation (A9) 

(Ag) 

(All) 

From the continuity that AV=A,V,, the cross-sectional 
area of the slipstream can be obtained; thus 

VoC=Vl(C-A)+VhA= V,(C-s)+V3s 

voc= v2c- v2s f v3s 

s= c wo-v2> 
(v,-v2) 

6412) 

Solution for the thrust from the equations for axial momen- 
tum is obtained by the use of the following equations: 

T=sPV3(V3-VO)-(C-S)PV2(VO-V2)+c@2-p0) (A13) 

Substituting for (p2-po) from equation (A3) gives 

T=sPV3(V3-vO)-(C-S)(Pv2)(V,-v2)+$ (vO”-v22) (A14) 

Substituting for s from equation (A12) into equation (A14) 
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and solving for V. gives 

(Al5) 

Substitute T=f A (V,“- Vz2) from equation (A9) into equa- 

tion (A15) to obtain 

vO=(v,+v,)~~v,'-~(v,2_v22) (AW 

But, from equation (All), Va2=i~,, so that substituting c 
into equation (A16) and using the minus sign gives 

4 -$ Tc”) 1 

A simplification can be effected by assuming that 

V,,=V, K, 
Then, 

vo=v2 g& 
where 

(Al7) 

6418) 

(A191 

The equations for slipstream area and velocities are then as 

I-- 
s=c J 

1-g T,” 

l-+-T,” 

From equation (Al7) 

V,=(&-T,“) 2 
1 

WW 

(A21) 

From equation (A18) 

(-422) 

From continuity, V,A= V3s so that, wit11 equations (820) 
and (A22), 

(A23) 

Since, from continuity, 

V,C= V,A+ V,(C-A) 

equation (A23) can be used to obtain 

VI= (A24) 

APPENDIX B 
SLIPSTREAM CHARACTERISTICS 

The following relat,ionships concerning the character of 
the slipstream are helpful in analyzing the effects of slip- 
stream on the aerodynamic characteristics of wings. 

Diameter of the slipstream at any T,” and any distance 
behind the propeller.-Reference 6 gives a relation for the 
velocity at any point in the slipstream as 

where V’ is the velocity at distance 2 from the propeller 
disk. If the mass flow in the slipstream is assumed t,o be 
constant, then, 

where d, is the diameter of the slipstream at distance z 

from the propeller disk and 

K= 

From equation (4) of the main body of this report, 

AV l-%m -= 
2v 2,hT 

(B3) 

Equation (B3) cm be substituted into equation (B2) ant1 

the result simplified to obtain 

1+&-T," d12=D2 ___ 
2+(&-T,“-1)(1--K) 

(B4) 

Also, from equations (Bl) aud (B3), 

;-l=$ (]+I&;,= o+K) (B5) 
1 ‘ 

Inclination of the slipstream.-From reference 6 the follom- 
ing relat,ionship for the inclinat.ion of the slipstream to t,he 
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/ 
!J free stream at small angles of attack can be obtained. From equations (B3) and (B6) 

f 0-l-J- 
q-1+4- 

037) 

u36) here 4 is the inclination of the thrust axis and 8 is the 
inclination of the slipstream at the propeller disk. 

- 

APPENDIX C 

PERFORMANCE CALCULATIONS 

Calculation of the performance by use of coefficients 
based on the dynamic pressure in the slipstream required 
some modification of conventional procedures. The thrust 
coefficient required for steady level flight at a particular 
attitude can be obtained by cross plotting the longitudinal 
force to determine the thrust coefficient for zero longitudinal 
force. Similar cross plots of lift coefficient can be used to 
determine the lift coefficient available at this thrust coeffi- 
cient. The forward speed corresponding to this thrust 
coefficient and lift, coefficient is calculated by the following 
equation 

The total thrust at this t.hrust coefficient is given by 

(Cl) 

The thrust horsepower required for steady level flight 
can bc calculated from momentum relations from the fol- 
lowing basic equation : 

NTV cos a 
tl~Pretl”lred= -550 + ~- 550 !C3) 

where the first t,crm represents the power required to over- 
come the drag and the second term represents the power in 
the slipstream. Tn the speed range of conventional airplanes 
the second term is negligible and cos a is approximately 
unity. The power required equation then reduces to the 
conventional 

thp 
NTV 

required= 55() 

The increment of velocity in each slipstream clue to t,hrust 
AV can be obtained from the momentum relation 

T=m,AV=p 2 D2 V cos LY y 
> 

AV 

where m, is the mass flow through the propeller and 

AV= v* co2 a+ T --v cos CY 
p “D2 

(C4) 

34 

For vertical take-off and landing, V is zero and the power 
required (eq. (C3)) reduces to 

t11p 

NT A-? 
2 N( T)3’2 

requlmd=~= 

1100 ; J(p/B)?r 
(W 

For intcrmccliate flight conditions at low speed, the power 
required (cq. (C3)) can be cxpressecl as 

tb 
requ,rtd-zT (“’ a+ j/‘F; PV’~ D) (c6) 

which can be expressed in terms of the thrust coefficient as 

/ / m,, \ 
NTV COS a+ co2 Ly+A 

tllP,,,,“i,cd= 550 
l-T,” -- 

2 cc71 
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FIGLRE I .-system of axes showing posit.ivc direction of forces, 
moments, and angles. 
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F~nr-RE 2.-Plan and cross-sectional views of nlodcl. (All dinlcnsions 
arc in inches.) 

FIOURE 3.-Model installed in the test section of the Langley 300 
JfPH i- hy lo-foot tullnel. 
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FIGURE 4.-Propeller-blade gconwtric characteristics. 
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II: 

(a) Complete motor balance. 
FIGURE 5.-.Motor-ljalanre installation used for tests. 

(h) Strain-gage beam used in measuring forces on propeller. 
FIGI’RE 5.-Concluded. 

FIGURE 6.-Illustration of a method for vertical take-off and translation 
to horizontal flight for which data are applicable. 
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FIOI.RE 7.-Efficiency of the isolaced propeller. 

Advance ratio, $ 

(a) Inboard propeller. (b) Outboard propeller. 
FIGURE S.-Comparison of efficiency of the isolated propeller with 

that of two overlapping propellers mounted on the wing 
as shown in figure 2. ,%.m2=8”. 
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with constant shaft thrust. 
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FJCCRI? 20.--Effect of nacelles on aerodynamic characteristics of the model with propellers off. (Flagged symbols indicate check tests.) 
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FIGURE 23.-Variation with angle of attack of thrust coefficient 
required and velocity attained in level flight by assumed airplane. 
W/S=40 pounds per square foot. 
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FIGCRE 24.-Variation of thrust horsepower required for level flight 
for assumed airplane. 
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